Introduction
Anthocyanins (ATH) are secondary plant metabolites which belong to the family of flavonoids and are the largest group of water-soluble pigments in the plant kingdom. They are distinguished as a separate class of flavonoids possessing the ability to form flavylium cations in their central ring structure. Chemically, ATH are polyhydroxylated or polymethoxylated glycosides or acylglycosides of anthocyanidins which are oxygenated derivatives of 2-phenylbenzopyrylium or flavylium salts. Due to differences in the chemical structure of ATH approximately 400 individual structures have been identified. The main variations in structure include: the substitution pattern (number and position of hydroxyl and methoxyl groups) in the aglycone skeleton, and the degree and nature of esterification of the saccharide residues with aliphatic or aromatic acids [1] .
Red cabbage (Brassica oleracea var. capitata rubra) belongs to cruciferous vegetable crops, which contain broccoli, cauliflower, Chinese cabbage, radish and Brussels sprouts. The cruciferous vegetables are recognized to posses a particularly high level of polyphenols. The most important polyphenolic components present in extracts of fresh and pickled red cabbage are ATH. In red cabbage there are over 30 various compounds belonging to this group, and the chemical structure of all of them is based on cyanidin as aglycon, glycosylated mainly with glucose and/or sophorose (diglucoside), which are acylated with different aromatic and aliphatic acids [2] .
In recent years, a lot of epidemiological studies have confirmed that ATH displays a wide range of therapeutic activities, including having significant effects on blood vessels, platelets and lipoproteins which are able to reduce the risk of cardiovascular diseases (CVDs) [3] .
The advances in our knowledge of healthy dietary components may provide new avenues to develop pharmaceutical and/or dietary strategies to halt the development of vascular diseases. Red cabbage is well known in various regions of the world, it can be found in Northern Europe, throughout the Americas, and in China. When we take into account that red cabbage is a common component of human diet and contains high levels of ATH (approximately 322 mg of ATH per 100 g of fresh weight) [4] , this vegetable may be considered to be a promising functional food in cardiovascular disorder risk prevention. Therefore, the purpose of our present study was to isolate, characterize and investigate, in vitro, the action and effects of ATH from red cabbage (Brassica oleracea) on blood platelet activation, and investigate the effects of exposing platelet proteins and lipids to the strong biological oxidative agents: peroxynitrite (ONOO -) and hydrogen peroxide (H 2 O 2 ). Excessive activation of blood platelets plays a crucial role in pathological development of CVDs [5] , therefore the origin of anti-platelet properties found in dietary compounds of plants, fruits and vegetables are still explored in order to discover new supplements inhibiting platelet hyperactivity without any side effects. The participation of reactive oxygen species (ROS) in pathogenesis of CVDs is well known [6] , and numerous studies support the concept that nutritional antioxidant status is inversely related to the occurrence of ROSmediated diseases [7] . Platelets are very sensitive blood cells activated by a large number of agonists. Among these agonists, thrombin plays a main role in activating platelets [8] . Hyperactivity of platelets leads to overproduction of ROS which are involved in regulation of platelet properties. On the other hand, overproduction of ROS is responsible for the formation of highly reactive oxidation products and activation of many pathogenic processes, including blood platelet-dependent diseases. Alteration of platelet function caused by ROS is related to pathologically enhanced ONOO -production mainly in vessel walls and also in platelets [9] . Therefore in our in vitro experiments we used a very strong physiological oxidant (ONOO -) that is formed in vivo in the vascular system under oxidative stress conditions. We desired to establish if ATH, obtained from red cabbage leaves, could protect blood platelets against the effects of oxidative stress. Our attention was focused on the potential antiplatelet effects of these natural substances, known as antioxidants, able to protect living organisms against reactive radical species and in this way decrease the risk of several diseases. For this reason, the presented experiments have been designed to investigate the role of ATH and thrombin-induced platelet activation (including platelet aggregation), in the defence of platelet lipids and proteins against oxidative/ nitrative damages caused by ONOO -and also by H 2 O 2 . To accomplish this, we measured well-known markers of oxidative stress such as TBARS, carbonyl groups formation and tyrosine residue nitration.
Experimental Procedures

Isolation of blood platelets
Human blood was obtained from young (20-25 years) healthy, non-smoking men and blood platelets were isolated by differential centrifugation of blood as described previously [10] . The final platelet concentration was about 4x10 8 platelets/ml, estimated by the photometric method according to Walkowiak et al. [11] . Washed human platelets, suspended in the modified Tyrode's Ca +2 /Mg +2 free buffer (127 mM NaCl, 2.7 mM KCl, 0.5 mM NaH 2 PO 4 , 12 mM NaHCO 3 , 5 mM HEPES, 5.6 mM glucose, pH 7.4) were pre-incubated (5 min, 37°C) in the dark with ATH extract (at final concentrations of 5-15 mM), and then were treated with thrombin (6 U/ml, 5 min, 37°C). The level of thiobarbituric acid reactive substances (TBARS) and O 2 -• was measured. TBARS was also estimated in samples after pre-incubation (5 min, 37°C) in dark with ATH extract (5-15 mM), and incubation with ONOO -(0.1 mM, 2 min, 37°C) or with H 2 O 2 (2 mM, 2 min, 37°C). Some samples were pre-incubated (5 min, 37°C) in dark with ATH extract (5-15 mM), and then treated with ONOO -(0.1 mM, 2 min, 37°C) or with H 2 O 2 (2 mM, 2 min, 37°C). The level of carbonyl groups and 3-nitrotyrosine were measured in platelet lysates created by addition of lysis buffer (2% Triton-X-100, 100 mM EDTA and 100 mM Tris-HCl; pH 7.4). For aggregation experiments, platelet buffer suspensions (3x10 8 platelets/ml) were incubated with extract at 37°C for 5 min in an aggregometer cell, with stirring. Thrombin was then added (0.5 unit) and aggregation was measured again.
The study was performed under the guidelines of the Helsinki Declaration for Human Research and approved by the committee on the Ethics of Research in Human Experimentation at the University of Łódź (No KBBN-UŁ/II/21/2011).
Chemicals
Peroxynitrite was synthesized according to the method of Pryor et al. [12] . Anti-3-nitrotyrosine polyclonal antibodies were obtained from Abcam (Cambridge, UK). StreptABComplex/HRP Polyclonal Swine AntiGoat, Mouse, Rabbit Immunoglobulins, Multi-Link were obtained from DAKO (Glostrup, Denmark). Bicinchoninic Acid Protein Assay Kit and o-phenylenediamine dihydrochloride (OPD peroxidase substrate), rabbit anti-dinitrophenylhydrazine antibodies, anti-rabbit antibodies, and anti-goat/sheep antibodies coupled with peroxidase were obtained from Sigma (St. Louis, MO, USA). All other reagents were of analytical grade and were provided by commercial suppliers.
ATH extraction and purification
Fresh leaves of red cabbage (Brassica oleracea var. capitata rubra) were homogenised and extracted using the following mixture: methanol/distilled water/HCl (EMix: MeOH/H 2 O/HCl, 50/50/1, v/v/w) and centrifuged. Supernatant was collected as a crude red cabbage extract. To obtain dry matter, the extract was dried in a vacuum rotary evaporator in a water bath at 40 o C. The condensed (30 mg/ml) solution with acidified with 10% MeOH and then purified on a high load C18 SPE minicolumn (Alltech Assoc.) previously activated with MeOH. Using this method, the samples (1.5 ml) were desalted with 0.01% aqueous HCl before removal of small phenolics by rinsing with ethyl acetate. Then the column was eluted with acidified MeOH gradients in the following order: 10, 20, 50 and 80%. The volume of solvent used was always 5 ml per column (»3x sample volume). Colorful fractions in 50% MeOH were collected using HPLC, analysed and used in the cytogenetic experiments as the ATH source. ATH concentration (mM) in the extracts was determined spectophotometry with the use of cyanidin 3,5-diglucoside as a standard and calculated using the absorption coefficient e 525 =30 mM -1 x cm -1 [13] .
HPLC analysis of the extract
Phenolic profiles in purified red cabbage extracts were determined using the HPLC Knauer system equipped with a UV-Vis detector and a Eurospher-100 C-18 column (25 cm 9 4.6 mm; 5 lm). The binary mobile phase according to Dyrby et al. [14] consisted of water/formic acid (90:10, v/v) (solvent A) and water/acetonitrile/ formic acid (40:50:10, v/v/v) (solvent B). The flow rate was 1 ml/min and the total run time was 50 min. The system was run with a gradient program: 0 min: 88% A + 12% B, 26 min: 70% A + 30%B, 40-43 min: 0% A + 100% B, 48-50 min: 88% A + 12% B. Phenolics were divided into four subclasses and quantified on the basis of the maximum UV-Vis absorption of each group. The hydroxybenzoic acid derivatives were quantified at 280 nm and expressed as gallic acid equivalents. Hydroxycinnamic acid derivatives were quantified at 320 nm and expressed as chlorogenic acid equivalents. Flavonols were quantified at 360 nm and expressed as rutin equivalents. Anthocyanins were quantified at 520 nm and expressed as cyanidin 3,5-diglucoside equivalents [15] . HPLC analysis of the methanolic extracts from red cabbage leaves showed the following polyphenol groups: hydroxybenzoic acids; hydroxycinnamic acids and anthocyanins ( Figure 1 ). Both in crude and semi-purified extracts ATH predominated, constituting 64% and 84% of phenolics, respectively. The crude extract contained also hydroxycinnamic (21%) and hydroxybenzoic (14%) acids derivatives. However, after extract semipurification, hydroxybenzoic acids were not present and the hydroxycinnamic acids were limited to 16% of the total PhC (phenolic compounds) pool. In the semi-purified extract, seven ATH-derivatives were clearly detected when the detector was set at 520 nm ( Figure 1D ). Figure 1ABC ). The situation was similar with PhC defined as hydrocinnamic acid derivatives -picks were maximal at 320 nm ( Figure 1B ) but their echo could also be seen at 280 and 360 nm ( Figure 1AC ).
Thiobarbituric acid reactive substances estimation
Control platelets or platelets after exposure to tested extract and thrombin or ONOO -/H 2 O 2 were mixed with an equal volume of 15% (w/v) cold TCA in 0.25 M HCl and with an equal volume of 0.37% (w/v) TBA in 0.25 M HCl. Samples were then immersed in a boiling water bath for 10 min. After cooling and centrifugation the absorbance of supernatant was measured at 535 nm [16] .
Superoxide anion generation
The O 2 -• production was estimated using the cytochrome c reduction method in control platelets and in platelets pre-incubated with extract and then treated with thrombin.
For that an equal volume of Tyrode's buffer, containing cytochrome c (160 μM), was added to platelet suspensions. After incubation, the platelets were sedimented by centrifugation at 2000xg for 5 min, and the absorbance of supernatant was measured at 550 nm. To calculate the molar concentration of O 2 -• an extinction coefficient for cytochrome c of 18700 M -1 cm -1 was used [17] .
Platelet aggregation
Platelet aggregation was investigated according to a method previously reported using a Chrono-log Lumiaggregometer [18] . The platelet aggregation was determined by turbidimetry. The maximal aggregation (100%) was defined as the maximum change in light transmission observed over 5 min in buffer alone. Antiaggregatory activities were defined as the percentage inhibition of aggregation.
Estimation of carbonyl groups in plasma proteins using ELISA
Detection of carbonyl groups by ELISA (using antidinitrophenylhydrazine antibodies) in platelet samples (control, extract and ONOO -or H 2 O 2 -treated) was carried out according to the procedure of Buss et al. [19] . The amount of carbonyl groups present in fibrinogen after treatment with ONOO -(at the final concentration of 0.1 mM) was determined spectrophotometrically as described by Levine et al. [20] .
Immunodetection of 3-nitrotyrosine by competition-ELISA
Immunodetection of 3-NT in proteins of platelets (control, extract and ONOO -or H 2 O 2 -treated) was performed according to the modified method estimated by Khan et al. [21] . Wells of a 96-well microtiter dish were coated for overnight at 4°C with 100 µl of nitro-fibrinogen (nitro-Fg), at concentration of 1 µg/ml and 10 mol 3-nitrotyrosine/mol protein. The concentration of nitrated proteins was estimated with the use of the standard curve and expressed as the nitro-Fg equivalents.
Data analysis
The statistical analysis was performed by several tests. To eliminate uncertain data, the Q-Dixon test was performed. All values in this study were expressed as mean ± SD. Results were analyzed under the account of normality with Shapiro-Wilk test and Equality of Variance with Levene test. The statistically significant differences were assessed by the paired Student's t test. P levels <0.05 were considered significant.
Results
Our results have revealed that in thrombin stimulated platelets in the presence of ATH extract the arachidonic acid metabolism leading to formation of malondialdehyde (MDA) (measured as TBARS) was markedly inhibited (by about 50%) for all tested concentrations of extract (5; 10; 15 μM) (Figure 2) . The tested extract also distinctly decreased the generation of O 2 -• in platelets stimulated by thrombin (Figure 3) . The observed effects were statistically significant (TBARS P<0.001; O 2 -• P<0.0001), but not dose-dependent.
We also investigated dependability of ATH extract to modulation of blood platelet aggregation induced by thrombin. We established the antiaggregatory properties of ATH extract ( Figure 4 , Table 1 ). Antiaggregatory activity of extract was defined as the percentage inhibition of thrombin-stimulated platelet aggregation. The observed inhibitory effect was statistically significant (P<0.002) and dose dependent, and at the highest concentration of extract (15 μM) reached even 60% (Figure 4 ; Table 1 ).
Our studies illustrated that the treatment of blood platelets with ONOO -(0.1 mM) or H 2 O 2 resulted in an increase of carbonyl groups in platelet proteins determined by ELISA ( Figure 5) . Further the exposure of platelets to ONOO -caused the strong nitration of tyrosine residues of platelet proteins, leading to 3-NT formation ( Figure 6 ). The results from these experiments, where antioxidative effects of tested extract were investigated, demonstrated that in the presence of ATH extract, the protein oxidation and nitration were diminished. The dose-dependent reduction of both ONOO -and H 2 O 2 -induced platelet protein carbonylation was observed, and at the highest concentration of extract was about 40% ( Figure 5 ). As measured by the c-ELISA test, the level of 3-NT induced by ONOO -was also significantly (P<0.0001) reduced by ATH extract but not in a dosedependent manner ( Figure 6 ). Moreover, we have shown that ATH extract, for all tested concentrations, possesses the powerful preventive effect on the lipid peroxidation in blood platelets treated with H 2 O 2 or ONOO -. ATH decreased the amount of TBARS formed in the presence of both tested oxidants in the dose-dependent manner (P<0.0002). At the highest concentration of ATH extract the reduction of TBARS level was about 80% (Figure 7 ).
Discussion
Cardiovascular diseases (CVDs) that are caused by disorders of the heart and blood vessels, include coronary heart disease (heart attacks), cerebrovascular disease (stroke), raised blood pressure (hypertension), peripheral artery disease, rheumatic heart disease, congenital heart disease and heart failure [22] . These diseases are responsible for nearly half of all deaths each year in Europe [23] . Evidence from epidemiological studies suggests that there is an association between diets rich in fruits and vegetables and a reduction in the incidence of CVDs. In particular, foods rich in three specific flavonoid sub-groups, the flavanols, anthocyanins and/or flavanones, possess the greatest potential to have protective effects on the cardiovascular system due to the beneficial effects of polyphenols on four risk factors of CVD: platelet function, blood pressure, vascular function and blood lipids. Therefore, there is intense interest in studies related to the contribution of phytochemicals present in the foods to prevent platelet-related CVDs [24] . Recent data has indicated that a group of plant-derived compounds known as anthocyanins may exert particularly powerful actions on the human cardiovascular system and may reverse damage by reducing main risk factors, particularly with respect to anti-hypertensive and hypocholesterolaemic effects, inhibition of platelet aggregation and increasing endothelial-dependent vasodilation. It appears that they are able to reduce CVDs partially through their ability to exert effects directly on the blood platelets [25] . Although the precise mechanisms by which these flavonoids act within the blood platelet protection remain unresolved, the present study is focused on their ability to attenuate platelet activation by antioxidative activity. The biological action of anthocyanins in cardiovascular protection may be attributed to their ability to exert the antioxidant actions [26] mainly through scavenging reactive oxygen species [27] . The presented study will highlight the evidence for the actions of anthocyanins, found in especially common vegetables, such as red cabbage, on blood platelet activation induced by strong physiological agonists. Most notably we discuss their power to protect platelet proteins against oxidative and nitrative damages induced by free radical species.
Daily consumption of total anthocyanins has been estimated to be between 3 and 215 mg/day [28] . Since the main dietary sources of anthocyanins are not only red fruits but also some vegetables such as red cabbage (with a wide range of concentration: 25-495 mg per 100 g FW (1)). In our previous paper [29] we described for the first time the isolation and identification of ATH extract from Brassica oleracea. We obtained extract of ATH about 122-142 mg ATH/100 g of fresh cabbage leaves. The phenolic profiles presented previously [29] and determined by HPLC, were based on the maximum absorption wavelength for different groups for phenolics (i.e. ATH (520 nm), flavonols (360 nm), hydroxycinnamic acids (320 nm) and hydroxybenzoic acids (280 nm)). The crude extract contained ATH (64% of all phenolic compounds), but hydroxycinnamic acids derivatives (21%) and some hydroxybenzoic acids derivatives (14%) were also present (data not shown). After semipurification, the extract contained mostly ATH (84%) and a small amount of hydroxycinnamic acids derivatives (16%); the phenolic profiles of the extract are shown in Figure 1 [29] . The structure of red cabbage ATH, is based on a core of cyanidin 3,5-diglucoside, which can be non-acylated, mono-acylated or di-acylated with p-coumaric, caffeic, ferulic and sinapic acids. The chemical structure of these compounds, particularly the with the presence of hydroxyl groups in position 3 of ring C and in 3' and 4' positions of ring B result in the antioxidative activity of ATH. The hydroxyl group at ring C enables chelation of metal ions, such as Fe or Cu. Anthocyanin antioxidative activity is additionally increased by the acylation of sugar residues with aromatic hydroxy acids [30] . It is widely accepted that the beneficial biological effects of anthocyanins may be driven by two of their characteristic properties: their affinity for proteins and their antioxidant activity [31] . However, anthocyanins are food bioactive compounds and it is established that if they have any preventive or curative activity through their ingestion, this effect must involve, not only their antioxidant potential, but also the modulation of multiple cellular pathways that are crucial in the pathogenesis of diseases [32] . Bioavailability of anthocyanins is generally thought to be low, because the bioabsorption of anthocyanins occurs very quickly following consumption. The maximum plasma concentration is reached after 15-60 min., and no more than 4 h [33] . Reports on the recovery of anthocyanins in the urine after consumption are up to 4% [34] . However, absorption of anthocyanins is greater than that which is recovered in the urine, because they are likely deposited into tissues [35] .
In the present work, we have investigated in vitro the protective activity of ATH on platelet activation induced by thrombin, and also antioxidative effects of ATH from red cabbage on platelet protein and lipid changes, induced by two strong physiological oxidants: peroxynitrite and hydrogen peroxide. ONOO -is a strong physiological oxidative and nitrative agent, formed under oxidative stress conditions in vessel walls as well as in activated blood platelets. It is formed in a rapid reaction between NO
• and O 2 -• and a wide range of its pathological (including cardiovascular) implications have been reported. The enhanced generation of O 2 -• may also be a source of other ROS, e.g. H 2 O 2 , formed in vivo as a product of two general mechanisms: enzymatic or non-enzymatic dismutation of superoxide anion [36] . We have employed various antioxidant assays to determine the potency of ATH in vitro and their capacity to protect platelets from oxidative damage.
Tested extract (5-15 mM) powerfully protected platelet biomolecules against oxidative and nitrative damages induced by ONOO -(0.1 mM) or against oxidation caused by H 2 O 2 (2 mM). The level of carbonyl groups, formed as a result of oxidative damage of proteins, was significantly reduced in the presence of tested extract. The observed alterations of platelet proteins by ONOO -included not only oxidative incidents but also nitration of aromatic amino acids that we measured as 3-NT formation using c-ELISA. These results suggest a promising potential for ATH derived from red cabbage in preventing of oxidative/nitrative damage in biological systems and in the treatment of platelet-related diseases that involve free radical formation and oxidative stress. Oxidative stress, occurring when the production of free radicals exceeds the capacity of the natural antioxidant system, is a causative factor that links hyperlipidaemia with the pathogenesis of atherosclerosis [37] . A high-fat diet leads to an increase in production of free radicals which elevates lipid peroxides [38] . Therefore, potential health-promoting effect of anthocyanins, as suggested by the available experimental and epidemiological evidence, is hypolipidemic concomitant with inhibition of TBARS formation (a lipid peroxidation product). In this study, we found that the tested anthocyanins inhibited lipid peroxidation measured in blood platelets treated with both strong oxidants (H 2 O 2 , ONOO -) as well as with thrombin, their potent physiological agonist. ATH assayed in vitro possess a capacity to protect of blood platelets. Oxidation of polyunsaturated fatty acids in cell membranes by reactive oxygen species such as O 2 -• , • OH, and lipid peroxides has been suggested as one of the primary events in oxidative cellular damage [39] . Reactive lipid alkoxyl radicals can be produced from lipid hydroperoxides through a one electron reduction and then act as chain initiators of lipid peroxidation [40] . A few works, together with our results, have suggested that the prevention of lipid peroxidation by scavenging of free radicals (primary and late lipid peroxidation products) is one of the routes by which anthocyanins defend cells from oxidative damage, and protect membrane integrity [41] . It has been hypothesized that toxicity caused by oxidation is due to secondary products such as malonyl dialdehyde (MDA), more than reactive oxygen species, because of MDA reacts both irreversibly and reversibly with proteins, phospholipids, collagen, and DNA, leading to profound effects [42] . In addition to reducing oxidized-lipid formation via their antioxidant activity, anthocyanins have demonstrated enzyme-alteration activities [43] .
During thrombin-induced platelet activation, endogenous arachidonic acid is liberated from membrane phospholipids and rapidly metabolised with MDA formation. The amount of MDA, as a marker of the arachidonic acid cascade, is dependent on the activities of enzymes: phospholipases, cyclooxygenase (COX) and thromboxane synthase [44] . The arachidonic acid pathway is associated with O 2 -• generation and production of O 2 -• in activated platelets and is mainly dependent on NADPH oxidase or xanthine oxidase [45] . Our findings show that ATH extract significantly inhibited the generation of O 2 -• in thrombin-stimulated platelets as well as the activities of arachidonic acid pathway enzymes or ROS generation, when arachidonic acid is metabolized by COX. It appears that ATH are able to impact against cardiovascular diseases partially through their ability to exert protective effects directly on the blood platelets. Increased platelet activity and therefore platelet aggregation can potentially lead to the development and progression of CVD. A heightened susceptibility of platelets to aggregate contributes to the initiation and progression of atherosclerosis and to the occurrence of thrombotic events [46] . Our results are consistent with other available data on the antiaggregatory effects of anthocyanins. We have found a significant dose-dependent reduction of platelet aggregation induced by thrombin. Thus, protection of blood platelets by ATH against the action of thrombin leading to aggregation, may be beneficial for ATH haemostatic function.
Conclusions
Red cabbage is a characteristic component in the ordinary diet for a large part of the population in the world. Due to their high content of anthocyanins, red cabbage may be considered as a health-promoting diet, especially with regard to their antiplatelet effects important in the prevention of CVD. Exploratory research is currently in progress and from this research, potential health benefits will be identified, and specific promising areas for future investigation can be recommended.
